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I. PURPOSE

The purpose of this research and development contract is the

study of the electrochemistry involved in the use of magnesium as

an anode in primary battery systems. The studies are a continua-

tion of investigations initiated under Signal Corps Contract No.

DA36-039-SC-88912.



II. ABSTRACT

The spontaneous corrosion of magnesium was enhanced by impressed

anodic current. The protective film breakdown associated with the

anodic current was found to be a rather slow process. The apparent

activity of magnesium was sharply reduced by the addition of twenty

five atomic percent of cadmium. Anodes of this binary alloy operated

at an efficiency of 100% but at a potential of only -0.8 volts versus

the saturated calomel electrode. Anodic transient potential data

corresponded in general to an electrode under protective film control.

All attempts to minimize or eliminate the spontaneous corrosion

reaction with Mg(Ac) 2 electrolytes failed. The performance of dry

cells was poor when salts of aromatic acids were employed for the

electrolyte.

-2-



III. CONFERENCES

On 21 March 1963 Messrs. D. Wood and J. Murphy of the U. S.

Army Electronics Research and Development Laboratory, Fort Monmouth,

New Jersey, visited The Dow Metal Products Laboratory at Midland,

Michigan to discuss programs for this contract. Dr. M. R. Bothwell

and Mr. J. L. Robinson represented The Dow Metal Products Company.



IV. DATA AND DISCUSSION

A. Anode Efficiency Behavior

1. H2 Evolution Studies

Anode efficiencies are normally determined utilizing the

measured applied currents, the anode .ieight losses, and Faraday's

law. The efficiencies with continuously applied current consistently

stow that the apparent wasteful corrosion rate increases with the

current. One explanation(l) for this behavior is that the spontane-

ous corrosion reaction is the direct reduction of water at anodic

sites whose number increases with current due to increasing protec-

tive film damage. With this view it follows that the higher corro-

sion rate shuuld persist after removal of the applied current until

the protective film repairs itsell.

The above view was Jeopardized bý intermittent discharge

c .cue efficie~icioo meaoured in MgC1 2 and Mg(Cl0 4 ) 2 electrolytes,

Report No. 2. These data indicated that the open circuit spontane-

ous corrosion wa6 not increased and perhaps even decreased unless
tne discharge period exceeded ten minutes. To calculate the inter-

.iittoit di.scniurge xen cii'cuit ccrrosion rates, the contribution of

•.ie closed circuit portion of the discharge had to be subtracted

Vr$• the total .ei;ht loss. This closed circuit contribution wai

based on anode efficiencies or i•ei,-ht losses measured for one hour

or more of continuous discharge. This assumes that the film break-

down with applied current was a rapid process. This assumption V;us

consistent with the effect of continuous discharge time on efficiency,

Report 2, and anodic transient polarization behavior.(l) However,

the assumption had to be in error if the concept of film damage

being the cause of the increased corrosion with applied current was

valid. That the film breakdown process is relatively slow instead

of rapid with MgC1 2 electrolyte was demonstrated by the below

Investigations.
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Measurements of anodic hydrogen evolution rates were carried

out to better resolve the corrosion behavior during the initial por-

tion of a discharge and the period immediately after removal of the

applied current. The evolution rates are a direct measurement of

the corrosion rates since hydrogen Is the end product of the wasteful

reaction. The anode was discharged intermittently and the hydrogen

evolved was measured at five minute intervals during both the open

Aircuit and closed circuit portions of the discharge. The usual

duration of the on and off periods was twenty minutes but with most

runs a forty minute discharge period was included to establish the

steady state closed circuit dissolution rate. The hydrogen was col-

lected in a measuring burette over water. An antifoam agent was added

to facilitate bubble breakage. Correction of the volumes to standard

conditions did not include the effect of the antifoam agent on the

vapor pressure of water.

Tables I through VI show the ccmplete data obtained with

AZ21X1 anodes, 2 N MgC1 2 electrolyte, and varying currents. Examina-

tion of these tables and visual observation of the rate of bubble

formation indicated

(a) The anode probably never reached a true steady state in time

periods employed. However, the average data were reasonably reproduci-

ble after completion of the initial discharge cycle.

(b) The spontaneous corrosion rate of the anode is appreciably

lower during the initial portion of discharge and-tends to pass

through a slight maximum prior to approaching a steady state value.

This latter is consistent with the observation that the anode effi-

ciency increases marginally with increasing discharge time, Reports

1 and 2.

(c) The anode weight loss equivalent to the total hydrogen col-

lected was equal to the measured weight loss within the experimental

error.
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The open circuit evolution rate for the initial five minutes

was appreciably greater after the first discharge than with subsequent

discharges; tables I, II, III. This is probably related to the fol-

lowing observed open circuit corrosion behavior. Figure I is a plot

of the open circuit hydrogen evolution rate versus time in the elec-

trolyte with no history of applied current. The sharp maximum in the

corrosion rate must indicate that the air formed protective film ind

the solution formed protective film are markedly different. Tne

initial sharp increase in the evolution rate with exposure time to

the electrolyte reflects the instability and breakdown of the air

formed film. The slower decline in the rate after the maximum results

from formation of a stable film. Unfortunately, potentials were not

measured while obtaining the data for Figure I.

The average evolution rates for the last five minutes of the

discharge cycle and first five minutes of open circuit are summarized

in Table VII. The indicated increase in the initial open circuit

corrosion rates with increasing applied currents support the conten-

tion that protective film damage is associated with anodic current

flow.

The last column of Table VII is a measure of the "Difference

Effect."(2) It was obtained by subtraction of the closed circuit

rate from the open circuit rate and adjusting to one ampere minute

of ;urrent passage. Magnesium differs from many metals in that the

sign of the "DIfference Effect" is usually negative. The reported

exceptions(2) have been in acid electrolytes where the open circuit

corrosion is extremely high and apparently is controlled by the dif-

fusion rate of the acid. While negative vales were obtained with

the magnesium chloride electrolytes, Table VII, close examination

indicates that positive values might be measured with lower current

densities or with shorter discharge periods. A positive "Difference

Effect" has been obtained with magnesium acetate electrolyte. The

data for the magnesium acetate electrolyte are incomplete and will

be reported in the next quarterly report.
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In addition to completing the investigation with the magnesium

acetate electrolyte it is planned for the next quarter:

(a) To investigate the behavior associated with magnesium

perchlorate electrolyte: and

(b) Attempt to demonstrate a po3itive "Difference Effect" with

magnesium chloride electrolyte.

2. Alloy Screening

The inherent activity of magnesium is little affected by

normal alloying additions. This activity could be affected by an

alloying agent capable of forming a high solid solution alloy. The

possibility of altering the anode properties by decreasing the

inherent activity was explored with magnesium-lead and magnesium-

cadmium binary alloys.

The results of a survey of efficiency and potential behaviors

of these alloys in magnesium bromide electrolyte are shown in Table

VIII. To calculate tho efficiency the equivalent weight was adjusted

"'ors the atomic pcccnt of' the alloying agent assuming divalent ion

formation. The apparent 100 percent efficiency with the high
cadmium alloy was con 'iricd by ;he lack of visio.Le gas evolution.

•.'ever, the minus 0.3 volt uperatinb potential of this alloy is

essentially that of cadmium rather than magnesium.

Some additional exploratory work was carried out with the

lead alloy and sulfuric acid electrolyte. With acid concentrations

greater than 80 percent the alloy was passive and stable, but with

decreasing concentrations below 80 percent, the corrosion rate

activated sharply and the potential slowly. It is planned to survey

the behavior of this alloy in a sulfate electrolyte.

B. Potential Behavior

1. Transient Potential Changes

(a) Background-Purpose

Magnesium differs from most metals in that its *teady

state anodic operating potential is usually little affected by

relatively large changes in the current. However, marked transient
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potential changes do accompany changes in the current. The magni-

tude and time duration of the transient voltage change can be

significant in the operation of a magnesium primary cell where it

is recognized as "Delayed Action".

The potential time plot of Figure 2 is a generalized picture

of the transient. It has been studied with bromide electrolytes l()

and tentatively explained in terms of protective film breakdown and

repair processes. The basic assumption of the explanation is that

under normal conditions only a fraction of the magnesium surface is

serving as active anode area while the rest of the surface is

shielded by the protective magnesium hydroxide film. With an increase

in the anodic current the current density of the active area is

increased and the potential moves, as expected, in the passive

direction, Figure 2. However, the Mg ions produced by the current

rapidly deplete the hydroxide ions at the surface and then pair

with the anions of the bulk electrolyte forming soluble magnesium

salts. The soluble salts increase the acidity at the interface and

the Mg(OH) 2 protective film is attacked to create additional active

sites. With this increase in the active area the effective current

density decreases and the potential activates or recovers until the

balance between the breakdown and repair processes are re-established.

With the removal of the anodic current the potential activates in

the normal fashion, but because of the corresponding decrease rate

in the soluble salt formation the protective film can repair itself

until the initial steady state is again established.

The object of the work here is to obtain sufficient data

with various types of electrolytes and anode compositions to modify

or extend the above explanation.

(b) Procedure

The electrolytic cell referred to in Report No I with

rectangular 6.8 square centimeters AZ21X1 anodes was employed. The

transient curve of Figure 2 was measured with a Sanborn, Model 127,

Recorder which has a response time of 0.01 second at a chart speed
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of 25 millimeters per second. Power sources of 48 to 600 volts in

conjunction with large "Swamping" resistors were employed for con-

stant current sources. In addition to applying anodic current to

anodes on open circuit, the current of operating anodes was increased

or decreased and the transient measured. In all cases the applied

current refers to the increase or decrease in the anodic current.

The corrosion current refers to the apparent total anodic current

flow, as inferred from weight loss measurements, in the absence of

the specified applied current. The potentials were corrected for

the IR loss on the basis of the electrolyte's resistivity, Report

No I, and a controlled bridge tip to anode spacing of 0.19 centi-

meters.

Referring to Figure 2 the data tabulated from the transient

curves for varying applied and corrosion currents were:

(1) Potential prior to application of anodic current, Point A or B.

(2) The most noble potential observed, Point C.

(3) The difference in potential between Point B and C, AEp"
(4) The apparent steady state potential with the applied current,

Point D.

(5) The difference in the potential between Points B and D, steady

state polarization.

(6) The most active potential after removal of the applied current,

Point E.

(7) The difference in potential between Points D and E, AEA.

(8) The time interval between points B and C.

(9) The time to 30 percent recovery of the potential from C to D.

(10) 7he total time to reach an apparent new steady state, e.g., the

the interval between Points B and D. The citerion for steady state

was no significant potential change for a minimum of ten minutes.

(11) The time interval between points D and E.
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(c) Results
Six normal Mg(Ac) 2 and AZ2lXl anodes were used in the establish-

ment of a standard exposure time of the anode to the environment

prior to the transient measurement. Open circuit corrosion rates

by weight loss measurement showed that a steady gtate was not

reached during one week exposure, Figure 3. However, there was no

significant change in the transient data with open circuit exposure

times from 1 to 24 hours, Tables IXA. There was a marked increase

in the apparent steady state polarization and a decrease in the

transient times when the exposure exceeded 24 hours, Tables IXA

and B. The corrosion currents listed in Table IX were extrapolated

values from Figure 3. For some tests it was desired to impress a

constant anodic current in order to simulate a corrosion rate higher

than available with open circuit conditions. For such tests,

a one hour exposure time to the six normal electrolyte and to the

artificial corrosion current was sufficient to obtain reproducible

transient data, Tables X and XI. One hour exposure of the anode to

the corrosive environment prior to the transient measurement was

adopted as a standard practice.

Transient data for AZ2lX1 anodes with varying applied and

corrosion currents are tabulated in Tables XII through XVI for 6 N

Mg(Ac) 2 , XVII through XXI for 2 N Mg(Ac)2, and Tables XXII through

XXVI for 6 MgC12 electrolytes. The listed corrosion currents were

determined by weight loss measurements and the portion which was

artificially applied is shown in the tables. A preliminary attempt

was made to establish relationships between the measured polarizations,

the transient times and the currents.

With the MgCl 2 electrolyte there was no apparent steady state

or permanent polarization associated with even the highest applied

current, Tables XXII through XXVI. There was an indication of such

steady state polarization with the Mg(Ac)a electrolytes. With the

6 N Mg(Ac)a electrolyte the apparent polarization was linear with

-10-



current, Figure 4. This suggests that the polarization could be

Just ohmic and that for this electrolyte a resistance of 3.8 ohms

rather than the assumed 2.0 ohms should have been used in the IR

correction.

While with 6 N Mg(Ac)2 the apparent steady state polarization

could be reflecting an error in the IR potential loss correction,

this does not appear to be the case with the two normal concentra-

tions. With this latter electrolyte the polarization as measured

was definitely not directly related to applied current, Figure 5, but

rather an apparent exponential relationship was found, Figure 6.

The slope of approximately 0.1 volt for this latter curve would be

of the right magnitude for a polarization behavior other than ohmic.

In respect to the transient polarizations the general behavior

was common to all three electrolytes. The transient potential

changes observed upon application or removal of a given current,

AEp and LEA respectively, increased with increasing applied current

until a region of maximum values was reached. The applied current

required to reach the region of maximum transient potential change

was dependent upon the corrosion current. For a given electrolyte

the data could best be related by plotting the magnitude of the

polarizations as a function the ratio of sum of applied and corrosion

currents divided by the corrosion current. This was done for the
AEp for figures 7,8, and 9 for the 6 N Mg(Ac)2, the 2 N Mg(Ac) 2

and the 6 N MgCla electrolytes respectively. With the acetates

electrolytes the curve appears to go through 1.0 as the function

dictates and with increasing ratios the magnitude of the polariza-

tion increases until a plateau region is reached, Figures 7 and 8.

This type of behavior is consistent with the proposed general

explanation(l) of the transient behavior. It should be noted that

the 2 N Mg(Ac) 2 data, Table XVII was ignored. The,4E values

appeared to be out of line. It is believed that this was due to

the one hour exposure time with this specific electrolyte being

too short to establish the stable protective film as discussed

previously for the 2 N MgC12 electrolyte.

-11-



The scatter with the chloride data was appreciably less and the

curve had some distinctive features, Figure 9. The fact that the

curve does not extrapolate back to 1.0 could be indicating that

there is some reinforcement of the protective film upon initial

application of the current. This could and should occur until the

hydroxyl ions available at the interface are consumed. The pre-

cipitated Mg(OH) 2 reduces the active areas thereby enhancing the

polarization. There is no explanation to date for the magnitude of

the polarization passing through a maximum with the increasing ratio

of the currents.

Inspection of the Tables XII through XVI shows thatAEA appears

to reach a finite limit at a somewhat lower applied current than

that for a similar limit in&E p. The maximum amount of activation

(AEA ) was independent of electrolyte concentrations, Tables XVI

through XXI whereas the maximum passivation (E p) was highly depen-
dent upon the electrolyte concentration, Figures 7 and 8.

Attempts were made to relate the times needed to complete the

various portions of the transient with the magnitude of the potential

changes and the currents. 'Inspection showed that this could not be

done with the chloride electrolyte, Tables XXII through XXVI. With

the acetate electrolyte and a given corrosion current the times to

AEp and 80% recovery did decrease in a rather orderly fashion with

increasing applied current. The best single relationship of time

with the currents was found for 80% recovery time and is shown in

figures 10 and 11. There is no explanation at present for the

relationship indicated by the figures. Further, the scatter with

the two normal electrolytes, Figure 11, makes this specific relation-

ship doubtful. It is believed that some relationship between the

times and currents should exist.' The times should be dependent upon

the environments at the interface and these environments should be

dependent upon the currents.

-12-



At this stage no firm conclusion as to the mechanism of the

transient behavior can be made. In the next quarter it is planned

to include perchlorate electrolytes, additional chloride and acetate

concentrations, and at least one other alloy in the measurements.

2. Steady State Polarization

Potentiostatic measurements, as outlined in Reports 1 and

2, were employed for the subsequent polarization curves. It was

noted, Report No 2, that the wasteful corrosion reaction could be

eliminated with MgCl 2 and Mg(ClO4 )2 electrolytes if the anode

potential was increased (passive direction) to a sufficiently high

value. However, the actual plot of the corrosion current versus

the potential was jeopardized by lack of temperature control of the

bulk electrolyte. To minimize the temperature fluctuation a polari-

zation curve was determined for MgCl 2 at an ambient 32 0 F. The com-

plete data are shown in Table XXVII and the corrosion current versus

potential plot by Figure 12. The temperature control was reasonably

good, Table XXVII. The corrosion reaction ceased, as indicated by

the approximately 1001 anode efficiency and by lack of visible gas

evolution, at a potential somewhat greater than -0.75 volts versus

saturated calomel. The indicated corrosion currents at potentials

more positive than this, Figure 12, represents weight losses incurred

during the time needed to establish the steady state. The relation-

ship of the measured potential to the true surface potential is still

unknown since no oxygen evolution was observed even at potentials

approaching + 5.0 volts.

There was an indication that the behavior observed with the

chloride electrolyte could be duplicated with Mg(Ac)a electrolytes

of lower concentration, Report No 2. To check this, polarization

curves were measured for 2 N Mg(Ac) 2 . The data are shown in Table

XXVIII and the polarization curves for the applied and corrosion

currents are shown by Figures 13 and 14 respectively. The nose in

the polarization curve for the corrosion current, Figure 14 was no

more pronounced than that previously observed with a four normal



electrolyte, Report No 2. However, the temperature went out of

control in most of the individual tests, Table XXVIII.

During the next quarter it is planned to investigate the

behavior of both acetate and perchlorate at low temperature. This

should minimize the temperature control problem experienced with

these electrolytes.

C. Dry Cell Data

The purpose of these cells was to evaluate salts of aromatic

acids as electrolytes. In wet cell screening efficiencies in excess

of 95% were obtained with such electrolytes(3). However, these high

efficiencies were not translated to the dry cell system, Table XXIX.

The steel jacketed cell construction, cathode formulation, and test

procedure were described in Report No 1. There are no plans for

additional work in dry cells.
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V. CONCLUSIONS

The spontaneous corrosion of magnesium is enhanced by impressed

anodic current.

The protective film breakdown associated with increased anodic

current is a relatively slow process instead of the previously

assumed rapid process. Thus, nearly instantaneous measurement of

parameters are needed to resolve anodic behavior with changing con-

ditions such as intermittent discharge.

A positive as well as a negative "difference effect" can be

measured for magnesium in environments in which the anode is stable.

The apparent activity of magnesium can be greatly reduced by

high alloy additions. The reduction in activity mainly reflects

modification of the protection film.

The processes which dominate anodic behavior are different

with acetate type electrolytes than with chloride type electrolytes.

The usefulness, if any, of electrolytes formulated from salts

of aromatic acids is highly limited in dry cells.
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VI. TENTATIVE PROGRAM, FOURTH QUARTER

The main emphasis will be investigation of anodic transient

behavior including perchlorate electrolytes and different alloys.

The difference effect with acetate and perchlorate electrolytes

and with intermittent discharge will be investigated employing

hydrogen evolution measurements.

The anodic behavior of magnesium-high lead binary alloy in

different environments will be explored.

Additional low temperature anodic polarization curves will bc

determined.
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